BACKGROUND/OBJECTIVES: Bioelectrical impedance analysis (BIA) is widely used to predict body composition in paediatric research and clinical practice. Many equations have been published, but provide inconsistent predictions. AIMS: To test whether a single equation for lean mass (LM) estimation from BIA is appropriate across wide ranges of age, pubertal status and nutritional status, by testing whether specific groups differ in the slope or intercept of the equation. SUBJECTS/METHODS: In 547 healthy individuals aged 4 --24 years (240 males), we collected data on body mass (BM) and height (HT), and lean mass (LM) using the 4-component model. Impedance (Z) was measured using TANITA BC418MA instrumentation. LM was regressed on HT 2 /Z. Multiple regression analysis was conducted to investigate whether groups based on gender, age, pubertal status or nutritional status differed in the association of LM with HT 2 /Z. RESULTS: BM ranged from 5 to 128 kg. HT 2 /Z was a strong predictor of LM (r 2 ¼ 0.953, s.e.e. ¼ 2.9 kg). There was little evidence of a sex difference in this relationship, however, children aged 4 --7 years and 16--19 years differed significantly from other age groups in regression slopes and intercepts. Similar variability was encountered for pubertal stage, but not for nutritional status. CONCLUSIONS: No single BIA equation applies across the age range 4 --24 years. At certain ages or pubertal stages, the slope and intercept of the equation relating LM to HT 2 /Z alters. Failure to address such age effects is likely to result in poor accuracy of BIA (errors of several kg) for longitudinal studies of change in body composition.
INTRODUCTION
Accurate assessment of body composition in children and adolescents is necessary to discern the effects of diverse diseases, monitor the success of treatment, and guide nutritional or pharmaceutical management. 1 Equally, there is much epidemiological interest in body composition assessment, for example, identifying specific environmental exposures and developmental periods associated with excess weight gain.
Body mass index (BMI) remains widely used to assess nutritional status in paediatric clinical practice, for example, to categorise obesity, overweight 2 and underweight. 3 BMI is still the most commonly used index of adiposity in research studies, even though associations reported for BMI often arise through effects on physique or lean mass (LM), rather than adiposity, 4, 5 and it is particularly inappropriate for investigating ethnic variability in body composition. 6, 7 Specialised techniques are not usually available. There is still therefore a need for simpler field techniques, such as bioelectrical impedance analysis (BIA), which is widely used to assess body composition in children.
Single-frequency impedance (Z), adjusted for height (HT, that is, HT 2 /Z) is used to predict total body water (TBW) or LM (equivalent to fat-free mass). The generic equation is as follows:
where k 1 is a constant (the intercept) and k 2 is the regression coefficient of HT 2 /Z. However, some equations also incorporate factors such as age, BM and gender. 8 --11 Various childrens' equations have been published. 9,11 --14 Developed in different populations, and often on small sample sizes, these equations differ in values for k 1 (intercept) and k 2 (slope), and rarely transfer successfully to other populations. 15 Currently, no definitive paediatric equation exists, and it is not known whether such a definitive equation is viable.
The aim of this study was to explore several potential sources of variability in the values of k 1 and k 2 , in order to improve understanding of the wide heterogeneity of children's BIA equations. We tested whether a single BIA equation for LM estimation can be developed for children covering wide ranges of age, pubertal status and nutritional status (BMI SD score).
MATERIALS AND METHODS
Data on body composition were obtained from studies on healthy children or adolescents conducted at our research centre, using a common protocol. Ethical approval was granted by the Ethical Committee of UCL Institute of Child Health. All individuals attended our body-composition investigation suite located at Great Ormond Street Hospital for a 2-h measurement session.
Subjects
Data on 547 healthy subjects and obese patients were collected between 2003 and 2009. There were no exclusion criteria for BMI, in order to ensure that our sample covered a wide range of nutritional status. Ethnicity of the subjects was recorded, but as the non-European subjects were highly heterogeneous, no analyses based on ethnicity were conducted.
Anthropometry
Body mass (BM) was measured as part of the air-displacement plethysmography protocol. HT was measured by using a wall-mounted stadiometer (Holtain, Dyfed, UK). All measurements were performed after X2 h fast and X8 h after any vigorous exercise, and the subjects voided before the measurements. BMI was calculated from these data. Anthropometric data were converted to standard deviation score (SDS) format by using UK reference data, which are widely used by UK paediatricians to assess overweight and obesity. 16, 17 Obesity was defined as BMI 495th centile (SDS 41.64), and overweight as BMI 485th centile (SDS 41.04). Pubertal development was assessed by Tanner staging using self-assessment, on the basis of line drawings. 18 Precision of HT was 0.2 cm and of weight was 0.01 kg.
Body composition assessment and the 4-component model 19 Lung volume was predicted in the plethysmography measurements by using the children's equations. 20 The 4C model divides BM into fat, water, protein and mineral. For our purposes, we aimed simply to differentiate fat mass (FM) and LM with an approach addressing variability in hydration. This model was used to calculate LM and FM using the following equations: 15, 21 FM ¼ ð2:747ÂBVÞ À ð0:710ÂTBWÞ þ ð1:460ÂBMCÞ À ð2:050ÂBMÞ ð2Þ
Precision of TBW in our laboratory is 1%, 15 and of BV and BMC is 0.24 l and 1.1%, respectively. Hydration was calculated as (TBW/LM) Â 100%. The propagated methodological error on FM or LM is 0.30 kg for adults and 0.22 kg for children aged 5 --16 years. 22 Bioelectrical impedance analysis Whole-body impedance at 50 kHz (Z, in O) was measured using a TANITA BC-418MA instrument. Subjects stood barefoot on the metal foot-plates of the machine while holding the handles for B1 min. The conventional impedance index HT 2 /Z was calculated. Precision of Z was 3.5 O.
Statistics and analyses
Paired sample t-tests were used to compare anthropometric outcomes with UK reference data. T-tests and one-way analysis of variance were used to compare anthropometric data between the genders. Regression analyses were used to investigate the relationship between HT 2 /Z and LM or TBW. Age, gender (males ¼ 0, females ¼ 1), pubertal status (Tanner stage) and nutritional status (BMI SDS, as a continuous variable) were also entered into the regression model in order to test their potential contributions to LM prediction. Figure 1 describes three different conceptual scenarios illustrating how a given trait (for example, age, categorised into two groups, A and B) might influence the relationship between HT 2 /Z and LM. If the group dummy variable did not contribute significantly to the model, the regression lines would replicate scenario A, with no differences in either intercept (k 1 ) or slope (k 2 ). If the two groups had the same slope, but one group differed systematically in the magnitude of LM or TBW for a given HT 2 /Z value, then k 1 would differ, whereas k 2 would not (scenario B). If the two groups differed in the extent to which an increase in HT 2 /Z translated into an increase in LM or TBW, then both k 1 and k 2 would differ (scenario C).
To test between these different scenarios, we categorised our sample using dummy variables into groupings according to age (group 1 ¼ 4.00 --6.99 years; 2 ¼ 7.00 --9.99 years; 3 ¼ 10.00 --12.99 years; 4 ¼ 13.00 --15.99 years; 5 ¼ 16.00 --18.99 years, 6X19 years), pubertal status based on Tanner stage 1 --5 and BMI SD score (non-overweight o1.04, overweight 1.04 --1.639 and obese 41.64). For each grouping, one category (for age: group 3, 10.00 --12.99 years; for pubertal status, stage 3; and for BMI SDS, non-overweight) was considered as the reference category. Interaction terms of these variables and HT 2 /Z were generated. The remaining groups were entered into the regression model, along with additional terms for their interaction with HT 2 /Z. If only a group category (for example, age 4.00 --6.99 years) was significant, this indicated support for scenario B. If both the group category and its interaction term were significant, this indicated support for scenario C. We also tested for an effect of ethnicity, using a dummy variable (1 European, 0 non-European).
Backward stepwise regression analysis was used, removing nonsignificant terms in order to find the best model. Statistical analyses were performed using Statistical Package for Social Sciences (v.18 for Windows; SPSS, Chicago, IL, USA).
RESULTS
Valid data were available for 547 subjects. Age distribution of males and females is given in Table 1 and, as indicated in Figure 2 , BMI SDS varied widely at all ages. Data on anthropometric SDS values, and overweight and obesity prevalence are given in Table 2 . On average females were significantly taller, heavier and relatively heavier for their HT than males. The numbers by pubertal stage 1 --5, respectively, were as follows: males: 85, 50, 33, 24, 44; females: 73, 61, 50, 31, 86 (four males and six females were not recorded).
Regression statistics for the prediction of 4C LM from HT 2 /Z are given in Table 3 . Considering the sample as a whole, HT This initial analysis therefore suggested the effect of gender reflects scenario B, however, in subsequent models involving age or pubertal groupings, the contribution of gender ceased to be significant and the term was therefore discarded. When age group was added to the regression model, there were only minor changes to r 2 and s.e.e. values, but significant differences for the intercept were found for age groups 1 and 5, and for the interactions between both these age groups and HT 2 /Z, supporting scenario C (Table 3 , Figures 1 and 3 ). Including ethnicity indicated that for a given HT 2 /Z value, European children had þ 0.6 kg LM (P ¼ 0.045) compared with non-Europeans.
When pubertal status replaced age in the regression model, the prediction of LM was slightly improved (r 2 ¼ 0.962, s.e.e. ¼ 2.6 kg LM). A significant effect of pubertal stages 1, 2 and 5 was found, although there was no significant interaction between these stages and HT 2 /Z, thus supporting scenario B (Table 3 , Figure 1 ), with systematic differences in the LM value predicted by a given value of HT 2 /Z at different stages of puberty. When terms for gender and gender --puberty interaction were entered into the model, no significant interaction between gender and pubertal status was detected.
When either BMI SDS as a continuous variable, or dummy variables for overweight and obese status, was included in the regression model with HT 2 /Z, they did not contribute significantly (P40.6; data not shown). The situation for groups of nonoverweight, overweight and obese children is therefore as in scenario A (Figure 1) , where a single regression equation is sufficient for all these groups.
When all traits (age groups, gender, pubertal stage groups and nutritional status groups) were incorporated into the regression analysis with backward stepwise modifications to find the best model (Table 3 ), LM prediction differed by age groups 4, 5, 6, by obese group and by pubertal stage 5. Furthermore, a significant contribution was found for the interactions between age group 5 with HT 2 /Z, supporting scenario C (Figure 1 ). Based on both the regression coefficients and the t-values of the three main age terms, the age effect was dominant compared with that of other traits.
When both nutritional status categories and age group were added to the regression model, we found a slightly increased r 2 value (0.964) and slightly decreased s.e.e. value (2.5 kg LM) compared with the regression model incorporating only the age group (Table 3 ). LM prediction differed by age groups 4, 5 and 6 and by obese group, which required an increment of 1.30 kg. Significant differences were also found for interactions between the age groups 4 and 5 and HT 2 /Z, supporting scenario C (Figure 1 ). This model therefore clarified that nutritional status exerted a modest independent effect on the relationship between LM and HT 2 /Z, once age was taken into account.
DISCUSSION
The main aim of this study was to explore the effects of age, gender, pubertal stage and nutritional status on BIA on a large heterogeneous sample, in order to understand how BIA can best be applied in the paediatric population, which is characterised by wide variability in age, development and nutritional status. Thus, our primary focus was not on maximising the r 2 value, which changed little between statistical models. Improved understanding of variability in the value of k 2 will aid in selecting appropriate equations in future studies.
Kushner et al. 23 concluded that a single BIA equation was useful in estimating the body composition in a large heterogeneous group of adults and paediatric subjects (0.02 --67 years). Using a much larger sample size, we re-evaluated this situation in more detail in children and adolescents. In our study, HT 2 /Z alone explained 95% of the variance in LM. Our subsequent analyses made little improvement to the r 2 value of the model, however, we were able to identify several factors that influenced the association between LM and HT 2 /Z, aiding our understanding of why previous studies have produced inconsistent regression coefficients. To address this, we considered different statistical scenarios by which traits might influence the association.
The prediction of LM or TBW prediction was little affected by nutritional status, hence offering support for scenario A. Although BIA has been validated within obese children, 24, 25 equations generalising across a broader range of nutritional status are preferable, being suitable for longitudinal studies when change in BM is anticipated. However, analyses incorporating age (see below) showed a more complex scenario for BMI effects, hence whether a single equation is valid over a wide range of nutritional status depends also on the age range being considered.
Our results revealed age-associated inconsistency in LM prediction (scenario C). Thus, although the association between HT 2 /Z and LM is seemingly linear, as shown by the high r 2 value for Eq. 3, in reality this equation fails to address S-shaped associations of both HT 2 /Z and LM with age. Although the body is treated by the theoretical BIA model as a single cylinder, a more accurate model would incorporate several cylinders of varying length and volumes, representing the lower and upper limbs and the trunk. The overall association between LM and age does not reflect the changing contributions of these different cylinders to LM as children grow, a scenario likely to be due to changes in the ratio of trunk HT versus limb segment lengths over time.
Such an interpretation is supported by similar findings for pubertal stage. The effects for the younger age group and the earlier puberty stages are similar, in that the youngest children are at the start of the steepening of the S-curve, and hence again lie above the generic linear regression line for the population over all. These effects are shown schematically in Figure 4 , where centiles of HT 2 /Z LM for age in males are shown with a linear regression line age superimposed.
We considered whether nutritional status affected the relationship between LM and HT 2 /Z independently from age, and found that in addition to age effects similar to those described above, there was a significant increment required for those categorised obese. Thus, when using BIA to assess a wide range of nutritional status, as in epidemiological studies of overweight and obesity, age-effects remain important. It is therefore difficult for a simple Table 3 The most likely explanation for this scenario is varying contributions of different body cylinders to total body Z. The narrowest cylinders, that is, those of the forearm and lower leg, contribute most to Z, while the trunk contributes least. 26 Each of age, pubertal development and nutritional status may alter the relationship between limb and trunk cylinders, and hence alter the relationship between HT 2 /Z and LM. Our study had some strengths, in particular, the large sample size extending from early childhood into adulthood and incorporating a wide range of nutritional status. Another strength was the use of LM by the 4C model as the primary outcome. In most studies, BIA is validated against a technique such as dualenergy X-ray absorptiometry, 27, 28 which itself has inconsistent accuracy. 29, 30 Our study also had several limitations. Previous studies have shown significant ethnic variability in associations between HT 2 /Z and body composition in adolescents. 6,31 --33 In this study, ethnicity was not explored because the sample included 453 European (80%) and 113 non-European participants (20%), of a number of different ethnic groups. We also cannot know whether puberty ratings varied in accuracy across ethnic groups, but assume the 80% white composition of sample reduces any such error arising. Finally, the sample size in the oldest age category was small (10 males, 19 females). However, gender was not significant in most models and hence the total group size of 29 was assumed to be adequate to index young adults.
In summary, our findings suggest that the main factor preventing derivation of a single BIA for the paediatric population is age-or maturation-associated changes in the relationship between body composition and HT 2 /Z, whereas the effects of gender and nutritional status are relatively modest. Age (years) Figure 4 . Schematic diagram demonstrating that the different regression slopes for age groups 1 and 5, for the association between lean mass and HT 2 /Z, derive from the curvilinear association of HT 2 /Z and age.
